Recombinant adenoviruses are one of the most common vehicles for efficient in vitro and in vivo gene deliveries. Here, we investigate whether exogenous precursor terminal protein (pTP) expression in 293 cells improves the efficiency of adenovirus packaging and amplification. We used a piggyBac transposon-based vector and engineered a stable 293 line that expresses high level of Ad5 pTP, designated as 293pTP. Using the AdBMP6-GLuc that expresses green fluorescent protein (GFP), BMP6 and Gaussia luciferase, we found that the infectivity of AdBMP6-GLuc viral samples packaged in 293pTP cells was titrated up to 19.3 times higher than that packaged in parental 293 cells. AdBMP6-GLuc viral samples packaged in 293pTP cells exhibited significantly higher transduction efficiency in 143B and immortalized mouse embryonic fibroblast (iMEF) cells, as assessed by fluorescence-activated cell sorting analysis of GFP-positive cells, the luciferase activity assay and BMP6-induced osteogenic marker alkaline phosphatase activities in iMEFs. When adenovirus amplification efficiency was analyzed, we found that 293pTP cells infected with AdBMP6-GLuc yielded up to 12.6 times higher titer than that in parental 293 cells, especially at lower multiplicities of infection. These results strongly suggest that exogenous pTP expression may accelerate the packaging and amplification of recombinant adenoviruses. Thus, the engineered 293pTP cells should be a superior packaging line for efficient adenovirus production.
INTRODUCTION
Recombinant adenovirus vectors provide an important means of efficient in vitro and in vivo gene transfer. [1] [2] [3] [4] [5] The noted advantages for adenovirus-mediated gene delivery include the easiness to obtain high titers, viral particle stability, large packaging capacity of foreign DNA, high level of transgene expression and the ability to transduce a wide range of tissues and cells including non-dividing cells. 1, 5 The non-integration feature in the host chromosomes is also considered advantageous as the adenovirus poses no disturbances in genes or cellular processes at the genome level. Several technical advancements have enabled us to generate recombinant adenoviral constructs with high efficiency by exploiting bacteria or yeast-based homologous recombination [6] [7] [8] [9] or Cre recombinase-based sitespecific integration. 10, 11 Human adenovirus type 5 (Ad5) genome is a 36-kb linear double-stranded DNA molecule with inverted terminal repeats that serve as origins of replication. 12, 13 Replication proceeds by leading-strand synthesis only. Adenoviral replication is primed by its precursor terminal protein (pTP), which forms a tight complex with the virally encoded DNA polymerase and is then covalently attached to dCMP, the first base in the genome within the virion. 12, 14, 15 TP also serves as the site of primary attachment of the viral chromosome to the nuclear matrix. 16 Mutations within the pTP gene reduce the efficiency of viral replication, the affinity of the viral chromosome for the nuclear matrix and the expression efficiency of viral early genes. 16 Most gene transfer studies employ recombinant adenoviruses, which lack the expression of essential E1 genes, and hence are replication-incompetent in non-packaging cells. For generating and amplifying recombinant adenoviruses, HEK-293 (or 293) cells have been the most widely used adenovirus packaging line. The 293 cells are human embryonic kidney cells transformed by introducing the sheared fragments of human Ad5 DNA and are shown to express Ad5 E1a and E1b genes. 17 However, packaging and amplification of recombinant adenoviruses in 293 cells remain a time-consuming process.
Here, we investigate whether the exogenous overexpression of pTP in 293 cells is sufficient to improve the efficiency of adenovirus packaging and amplification. By using a highly efficient piggyBac transposon-based gene expression system, we engineered a stable 293 line that expresses a high level of Ad5 1 pTP (designated as 293pTP). To conveniently monitor adenovirus packaging and amplification, we constructed a multiple functional adenoviral vector that concomitantly expresses green fluorescent protein (GFP), BMP6 and Gaussia luciferase, and found that the AdBMP6-GLuc samples packaged in 293pTP cells were titrated up to 19.3 times higher than that packaged in parental 293 cells. Accordingly, AdBMP6-GLuc viral samples packaged in 293pTP cells exhibited significantly higher transduction efficiency in non-packaging lines 143B and immortalized mouse embryonic fibroblast (iMEF) cells, as assessed by fluorescence-activated cell sorting analysis of GFP-positive cells, the luciferase activity assay and BMP6-induced osteogenic marker alkaline phosphatase (ALP) activities in iMEFs. We further analyzed the adenovirus amplification efficiency in 293pTP cells and found that at the same multiplicities of infection (MOIs) AdBMP6-GLuc-infected 293pTP cells yielded up to 12.6 times higher titer than that from parental 293 cells. The differential amplification efficiency was even more pronounced at lower MOIs. These results strongly suggest that exogenous pTP expression may accelerate the packaging and amplification of recombinant adenoviruses. Thus, the newly engineered 293pTP line should be a valuable resource for efficient adenovirus packaging and amplification.
RESULTS AND DISCUSSION
piggyBac transposon vector mediates a high level of expression of human Ad5 pTP in 293 cells HEK-293 cells were human embryonic kidney cells transformed with the sheared human Ad5 viral genomic DNA. 17 To establish a stable 293 cell line that highly expresses human Ad5 pTP, we subcloned the coding region of pTP into a piggyBac transposon vector and resulted in pMPB-pTP, in which the pTP expression is driven by a strong constitutive hybrid promoter hEFH ( Figure 1A) . 18 The stable line, designated as 293pTP, was established by co-transfecting pMPB-pTP and a piggyBac transposase expression vector, and selecting the cells with Blasticidin S. The expression of pTP was significantly elevated in 293pTP cells, although a basal level of pTP expression was readily detected in parental HEK-293 cells as determined by both semi-quantitative PCR and quantitative real-time PCR (qPCR) ( Figure 1B ).
Exogenous pTP expression in 293pTP cells facilitates adenovirus packaging We next determined whether pTP overexpression in 293pTP cells enhances adenovirus packaging. Using the multiple functional adenoviral plasmid pAd5-BMP6-GLuc generated with the AdEasy system, we transfected the Pac I-linearized plasmid DNA into 293pTP or parental 293 cells and monitored GFP expression over the course of up to 2 weeks. Intense comet-like GFP-positive cells were readily detected in 293pTP cells at as early as 5 days after transfection and became apparent at day 9, whereas the GFP-positive cell clusters were less pronounced till around day 14 ( Figure 1C ). These results suggest that 293pTP cells may package adenoviruses more efficiently than parental 293 cells. 293pTP cells produce higher initial adenovirus titers than parental 293 cells To confirm that 293pTP cells package adenoviruses more efficiently, we analyzed the adenovirus titers of the viral lysate collected at different time points of transfection in 293pTP and 293 cells. Viral lysate samples prepared from 293pTP exhibited much higher reinfection activities than that of parental 293's at all three tested time points ( Figure 1D, panel a) . The titer assay indicated that the initial adenovirus titers produced in 293pTP cells at 7, 9 and 14 days after transfection were~19.3, 9.7 and 4.6 times higher than that from parental 293 cells, respectively ( Figure 1D, panel b) , suggesting that 293pTP cells may package adenovirus more efficiently after the initial transfection.
We further analyzed whether the viral lysate samples prepared from 293pTP cells exhibited higher transduction efficiency (owing to their higher adenovirus titers). We chose two representative cell lines, human osteosarcoma line 143B and mouse mesenchymal stem cell line iMEFs, of which 143B cells are relatively susceptible to adenovirus infection, whereas iMEF cells are more difficult to be infected by recombinant adenoviruses. 19 Using varied doses of initial viral lysate samples (day 9 post transfection) prepared from 293pTP or 293 cells, we infected both 143B and iMEF cells by monitoring GFP expression and Gaussia luciferase activity. In 143B cells, we found that as low as 1% of viral lysate from 293pTP cells infected the cells with high efficiency, compared with that from parental 293 cells ( Figure 2A, panel a) . Quantitatively, the AdBMP6-GLuc viral lysate samples yielded about threefold higher Gaussia luciferase activities than that from 293 cells' ( We also used fluorescence-activated cell sorting analysis to quantitatively examine the GFP expression mediated by adenoviruses prepared from 293pTP and 293 cells (day 9) in the two non-packaging cell lines, 143B and iMEFs ( Figures 3A and B 293pTP cells produce higher titers of AdBMP6-GLuc, which hence induce more robust osteogenic differentiation of mesenchymal stem cells We also conducted functional analysis of the packaged adenoviruses from 293pTP and 293 cells. We and other have demonstrated that BMP6 can effectively induce osteogenic differentiation of mesenchymal stem cells. [20] [21] [22] We infected the mesenchymal stem cell line iMEFs with varied volumes of AdBMP6-GLuc viral lysate samples prepared from the 14-day transfected 293pTP and 293 cells. At 7 days after infection, the cells were fixed and stained for early osteogenic marker ALP activity. We found that iMEFs transduced with AdBMP6-GLuc viral lysate from 293pTP cells exhibited significantly stronger staining than that from 293 cells' ( Figure 4A, panels a vs b) . Similar results were obtained in the quantitative assays of ALP activity, in which AdBMP6-GLuc viral lysate from 293pTP cells induced 3-6 times higher ALP activities than that from parental 293 cells' ( Figure 4B ).
Adenoviruses amplify more efficiently in 293pTP cells than in parental 293 cells Although an efficient initial packaging of adenovirus is essential to facilitate and speed up the adenovirus generation process, it is equally important to effectively amplify low-titer adenovirus stocks. We tested whether 293pTP is more efficient in terms of amplifying adenoviruses than parental 293 cells. Using the pre-titrated AdBMP6-GLuc adenovirus, we infected subconfluent 293pTP and parental 293 cells with three MOIs at 0.5, 1 and 2. Significantly higher numbers of GFP-positive cells and more pronounced cytopathic effects were observed in 293pTP cells at each MOI than that in parental 293 cells (Figure 5a ). When the amplified adenoviruses were titrated, the titers of the amplified AdBMP6-GLuc adenovirus from 293pTP cells were 12.6, 3. We conducted more quantitative analyses on the adenovirus samples amplified at MOI = 1 in 293pTP and parental 293 cells. Fluorescence-activated cell sorting analysis indicated that adenovirus samples amplified in 293pTP cells transduced 143B and iMEF cells more efficiently and yielded higher percentages of GFPpositive cells than that from parental 293 cells at each tested dose (Figure 6a ). Accordingly, Gaussia luciferase analysis revealed similar results, in which 143B and iMEF cells transduced by adenovirus samples amplified in 293pTP cells yielded four to ninefold higher luciferase activities than by that amplified in parental 293 cells (Figure 6b) . Last, we analyzed the functional activity of the amplified AdBMP6-GLuc in iMEFs, which were infected with various doses of viral lysate samples amplified in 293 or 293pTP cells. The iMEFs transduced with AdBMP6-GLuc amplified in 293pTP cells exhibited significantly higher ALP activities than that from parental 293 cells (Figure 6c ). Taken together, these results demonstrate that adenoviruses amplify in 293pTP cells with significantly higher efficiency than that in parental 293 cells, indicating that exogenous expression of human Ad5 pTP can significantly accelerate the packaging and amplification of recombinant adenoviruses. 293pTP line can be used as a valuable tool for adenovirus generation and production Although recombinant adenovirus vectors are widely used for in vitro and in vivo gene transfer, the generation and amplification processes of adenoviruses remain highly time consuming. Thus, there is a need to improve the efficiency of adenovirus packaging and amplification. In this study, we demonstrate that overexpression of human Ad5 pTP in 293 cells is sufficient to significantly improve the packaging and amplification efficiencies of recombinant adenoviruses. We have found that 293pTP cells exhibit even higher efficiency when the viral titer is low. Thus, the newly engineered 293pTP line should be a valuable and much improved system for adenovirus packaging and amplification.
Interestingly, it was previously reported that exogenous expression of pTP was cytotoxic as no stable pTP expression clones could be obtained from retroviral infected Hela and 293 cells. 23 The exogenous pTP expression was established through a tet-inducible system. 24 Using this line, Langer and Schaack 24 were able to efficiently rescue a temperature-sensitive pTP mutant virus for growth and plaque formation at the non-permissive temperature. It was later reported that 293 clones with stable expression of Ad2 pTP were obtained, 25 suggesting that expression of adenovirus pTP may not be incompatible with 293 cell proliferation and survival. Further in vivo studies failed to observe any cytotoxicity of pTP expression. 26 It has been well-established that Ad5 pTP protein functions as a part of the preinitiation complex by interacting with two important host cellular transcriptional factors, NF1 and Oct-1. 27 While NF1 interacts with adenovirus DNA polymerase, Oct-1 interacts with pTP and tethers it to the origin. 27, 28 Both NF1 and Oct-1 act synergistically to enhance initiation, presumably by facilitating the optimal assembly of a preinitiation complex. 27, 28 Thus, it is conceivable that more efficient adenovirus packaging and/or amplification lines may be generated by simultaneously overexpressing pTP, NF1 and Oct-1 in 293 cells. Last, it is noteworthy that our semi-quantitative PCR and qPCR analyses indeed detected a basal level of pTP expression in parental 293 cells. It seems that our exogenous expression system is not detrimental to the proliferation and survival of 293 cells. Furthermore, it is noteworthy that the increased transduction efficiency of the adenovirus samples prepared from 293pTP cells may be attributed to either the increased total viral particles packaged and/or better quality of the packaged viral particles in 293pTP cells. Our current assays would not allow us to distinguish these two possibilities, although our preliminary analysis indicates that the percentages of infectious viral particles over total viral particles are similar for the adenoviruses produced in both cell lines (data now shown). Nevertheless, it is conceivable that our assays measure the summation of the improved quantity and quality of the adenoviruses produced in 293pTP cells. Thus, the biological consequences, beyond adenovirus replication, of pTP overexpression warrant further investigation.
MATERIALS AND METHODS
Cell culture and chemicals HEK-293 (or 293) and 143B cells were purchased from ATCC (Manassas, VA, USA). The iMEFs were immortalized mouse embryonic fibroblasts as previously described. 19 The cell lines were maintained in the conditions as described. [29] [30] [31] [32] Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) or Fisher Scientific (Pittsburgh, PA, USA).
Generation of 293pTP stable cells
The coding region of Ad5 pTP was PCR amplified from human Ad5 genome DNA, and subcloned into the BamH1/Mlu1 sites of the homemade piggyBac transposon-based expression vector pMPB2, resulting in pMPBpTP. To generate 293pTP stable cells, pMPB2-pTP was co-transfected with a piggyBac transposase expression vector (System Biosciences, Mountain View, CA, USA) into 293 cells with Lipofectamine (Invitrogen, Grand Island, NY, USA). Stable cells were selected in the presence of Blasticidin S.
Construction of recombinant adenoviruses expressing AdBMP6-Gluc
Recombinant adenovirus was generated using AdEasy technology as described. 8, 9, 20, 21, 33 The coding regions of human BMP6 and Gaussia luciferase were PCR amplified and cloned into an adenoviral shuttle vector, and subsequently used to generate recombinant adenoviral vector pAd5BMP6-GLuc in BJ5183/AdEasy cells, which was used to package adenovirus in either 293 or 293pTP cells. The resulting Ad5BMP6-GLuc also expresses GFP.
RNA isolation, semi-quantitative reverse transcriptase PCR and qPCR Total RNA was isolated using TRIZOL Reagents (Invitrogen) and used to generate complementary DNA templates by reverse transcription reaction with hexamer and M-MuLV Reverse Transcriptase (New England Biolabs, Ipswich, MA, USA). The first-strand complementary DNA products were further diluted 5 to 10-fold and used as PCR templates. Semi-quantitative reverse transcriptase PCR was carried out as described. [34] [35] [36] [37] [38] Human Ad5 pTP-specific primers were as follows: 5′-GGACTTCTACGAGGCCATGGAGC-3′ and 5′-CTAAAAGCGGTGACGCGGGCGAGCCCCCGGAG-3′. A touchdown cycling program was as follows: 94°C for 2 min for 1 cycle; 92°C for 20 s, 68°C for 30 s and 72°C for 12 cycles decreasing 1°C per cycle; and then at The prepared reverse transcriptase PCR complementary DNA products were also used for qPCR as described. [39] [40] [41] Briefly, the qPCR primers were 20-mers, designed by using the Primer3 plus program to amplify human glyceraldehyde 3-phosphate dehydrogenase and Ad5 pTP genes (product sizes, 150-250 bp): glyceraldehyde 3-phosphate dehydrogenase, 5′-CAAC GAATTTGGCTACAGCA-3′ and 5′-AGGGGAGATTCAGTGTGGTG-3′; and Ad5 pTP, 5′-AGGCCCTTATGGAAGAGGAG-3′ and 5′-TGTGTTCTGCCACGAAGAAG-3′. SYBR Green-based qPCR analysis (DyNAmo SYBR Green qPCR Kit, Thermo Scientific, Tewksbury, MA, USA) was carried out using the Opticon DNA Engine 2 (Bio-Rad Laboratories, Hercules, CA, USA). The specificity of each qPCR reaction was verified by melting curve analysis and further confirmed by resolving the PCR products on 1.5% agarose gels. Fivefold serially diluted pUC19 was used as a standard. Triplicate reactions were carried out for each sample. Relative expression ratio was calculated by dividing the expression values of the pTP gene with glyceraldehyde 3-phosphate dehydrogenase expression values in 293 or 293pTP cells, respectively.
Adenovirus titer determination
Varied volumes of adenovirus AdBMP6-GLuc lysate samples were prepared in fivefold serial dilutions and used to infect subconfluent 293 cells in six-well cell culture plates as described. 42, 43 Numbers of GFP-positive cells were counted at 36h post infection. Titers (infectious units per ml, or IU ml Figure 4B . Each assay condition was done in triplicate.
Ad5 pTP facilitates adenovirus production N Wu et al and/or histochemical staining assay (using a mixture of 0.1 mg ml − 1 napthol AS-MX phosphate and 0.6 mg ml − 1 Fast Blue BB salt), and the ALP activities were normalized with total cellular protein concentrations determined with the BCA Protein Assay Kit (PIERCE, Rockford, IL, USA), as described. 20, 21, 33, 35, 39, 41, [44] [45] [46] [47] Each assay condition was performed in triplicate.
Flow cytometry analysis Subconfluent 143B and iMEF cells were infected with the indicated adenoviral lysate samples. At 36h post infection, cells were trypsinized, washed with PBS, and subjected to flow cytometric analysis of GFPexpressing cells using the BD LSR II Flow Cytometer and the FlowJo software. Uninfected 143B and iMEF cells were used as blank controls. Each assay condition was done in triplicate.
Gaussia luciferase reporter assay
For Gaussia luciferase reporter assay, 20 μl culture medium of the adenovirus-infected cells were taken and mixed with 50 μl of the BioLux Gaussia Luciferase Flex Assay Kit (New England Biolabs) as described. 34, [48] [49] [50] Each assay condition was done in triplicate.
Statistical analysis
All quantitative experiments were performed in triplicate and/or repeated three times. Data were expressed as mean ± s.d. Statistical significances between groups were determined by one-way analysis of variance and the Student's t -test. A value of Po 0.05 was considered statistically significant.
